The cellulase complex of the mesophilic fungus Trichoderma reesei is capable of efficiently hydrolysing crystalline cellulose to glucose and provides a potential route to the conversion and recycling of renewable cellulosic biomass. To date, however, the high cost of these enzymes has hampered their large-scale industrial application. This high cost is principally due to the low yield and low specific activity of enzymes produced by the available microbial strains. In recent years a number of improved mutant strains have been isolated, many of which produce as much as 20mg of extracellular protein/ml with substantial increases in yields of cellulase (for a review see Montenecourt, 1983) . However, only one strain, RL-P37, exhibits an increase in specific activity (Sheir-Neiss & Montenecourt, 1984) . In spite of the improvements that have been made in strain development of T . reesei, major new advances cannot be anticipated until the mechanisms controlling the synthesis and secretion of cellulases are fully understood.
Cellulase complex of enzymes
The cellulase complex is composed of three different hydrolytic activities : endoglucanases (endo-1 ,CP-DgIucanase, EC 3.2.1.4). which attack derivatives of cellulose such as carboxymethylcellulose and amorphous cellulose but are unable to solubilize crystalline cellulose ; cellobiohydrolases (1 ,4-P-~-glucan cellobiohydrolase, EC 3.2.1.91), which attack both amorphous cellulose and crystalline cellulose but have no activity towards derivatized cellulose; and cellobiases (EC 3.2.1.21), which degrade cellodextrins and cellobiose to glucose. Within these groupings multiple forms of the various enzymes have been described. Five to eight electrophoretically distinct endoglucanases have been reported, several of which show varying substrate specificities (Bissett, 1979; Shoemaker & Brown, 1978a,b; Weber et al., 1980; Farkas et al., 1982) . Two immunologically distinct cellobiohydrolases (CBH I and CBH 11) have been described. These appear to act synergistically with each other in attacking crystalline cellulose (Fagerstam & Pettersson, 1979 Gritzali & Brown, 1979; Pettersson et al., 1981) . Both of these enzymes have been shown to be glycoproteins and CBH I is present in the culture supernatant in several subforms which can be resolved by isoelectric focusing (Gum & Brown, 1976; Sheir-Neiss & Montenecourt, 1984) . Three cellobiases have been described which differ in substrate specificity (Gong er al., 1977) .
Genetic controls of biosynthesis
Biosynthesis of the cellulase enzymes is subject to a variety of biochemical and genetic controls. In wild-type T . reesei, endoglucanase and cellobiohydrolase are subject to catabolite repression by readily metabolizable substrates and can be induced by growth on cellulose, sophorose and, to a lesser extent, lactose and cellobiose. No correlation could be found between induction of cellulase and intracel-M a r cyclic AMP levels (Montenecourt et al., 1981) . Presumably, the natural inducer of these enzymes is cellulose. However, it is difficult to envision how an insoluble macromolecule can effect regulation of gene expression. It has been proposed that physical contact must * To whom correspondence should be addressed occur between the fungus and the inducer tor induction to occur (Berg & Pettersson, 1977; Binder & Ghose, 1978) . This suggests that there may be recognition sites on the surface of the cell which trigger induction. Although the majority of the cellulase activity is extracellular, several laboratories have been able to detect the cellulases bound to the outer surface of the cell wall during growth on crystalline cellulose (Kubicek, 1981; B. Sprey & H.-P. Lambert, personal communication) . An alternative suggestion, alluded to by workers in the field but unsubstantiated by experimentation, is that Trichoderma synthesizes basal levels of cellulase constitutively and that upon contact with the insoluble cellulose limited hydrolysis is elicited. Cellobiase has been shown to exist in both bound and free forms and a low level of this enzymic activity has been demonstrated to be synthesized constitutively (Vaheri et al., 1979; Montenecourt etal., 1981) . It has been suggested that this constitutive cellobiase activity may be responsible for the formation of sophorose from the limited hydrolysis products by a transglycosylating activity and that sophorose may in fact be the true inducer of these enzymes (Gritzali & Brown, 1979) . It should be noted, however, that although sophorose is an excellent inducer of Trichoderma cellulase (Mandels et al., 1962; Nisizawa et al., 1971 ; Lowenberg & Chapman, 1977; Sternberg & Mandels, 1979) and some bacterial cellulases (Yamane et al., 1970; Stewart & Leatherwood, 1976) , another highly cellulolytic fungus, Phanerochaete, does not respond to sophorose (Eriksson & Hamp, 1978) .
At the molecular level two laboratories have recently cloned the gene from one of the T . reesei cellulolytic enzymes, CBH I (Shoemaker et al., 1983; Teeri et al., 1983) , and the complete nucleotide sequence has been determined. The CBH I gene was found to contain two introns within the structural gene sequences. Within each intron, 2 I base pairs upstream from the 3' junction were found sequences homologous to those found in yeast which have been shown to be required for accurate splicing. The intron/exon junctions were found to be similar to consensus sequences of other higher eukaryotic organisms. A putative promoter was identified 131 base pairs upstream from the translation initiationsite. A 17aminoacidsignal peptide wasfoundat the N-terminal end which is apparently cleaved during processing since the mature enzyme has been shown to contain a pyroglutamyl residue at the N-terminus. Although the T . reesei CBH I gene is somewhat similar to yeast genes, several groups have recently reported that neither T . reesei nor Aspergillus niger DNA cloned into yeast is readily expressed (Picataggio, 1983; Penttila et al., 1984) . This suggests that there may be some important differences between yeast and filamentous fungi in the modes of gene expression or post-transcriptional and post-translational processing.
Secretion of cellulase
All of the extracellular proteins synthesized by Trichoderma during growth on cellulose are glycoproteins (SheirNeiss & Montenecourt, 1984) . At one time it was thought that these enzymes were released by autolysis. However, recent studies have shown that they are localized in the endoplasmic reticulum and in secretory vesicles (Chapman et al., 1983) . In addition some of the hypersecretory mutants have been shown to contain increased content of endoplasmic reticulum (Ghosh et el., 1982; unpublished work from this laboratory). The current concept of the sequence of events involved in secretion has predominantly been derived from studies with yeast. It is envisioned that the primary peptide and core carbohydrate which are attached to the Vol. 13 asparagine residues are synthesized in the endoplasmic reticulum. Complex carbohydrates are subsequently added in the Golgi, followed by packaging into secretory vesicles and transport to the plasma membrane where the vesicles fuse and the enzymes are released to the external milieu. Recently, the complete amino acid sequence of CBH I has been determined (Fagerstam et al., 1984) . Of the five asparagine residue configurations which could be expected to serve as recognition sites for glycosylating enzymes, three were found to contain asparagine-linked carbohydrate composed of glucose, glucosamine and mannose. In addition, an estimated 22 serine and threonine residues were found to contain 0-glucosidically linkedcarbohydrate with loofthese sites being localized near the C-terminal end of the enzyme. In an effort to understand the mechanisms involved in secretion in filamentous fungi, we have initiated studies to determine the physiological effects of glycosylation inhibitors and membrane-perturbing agents on secretion of Trichoderma cellulases. The results of these studies are described below.
Role of N-glycosidic linkages in secretion
We have examined the effect of tunicamycin on cellulase secretion in an effort to elucidate the role of N-glycosylation in this process. Tunicamycin is an antibiotic which prevents the synthesis of dolichol pyrophosphate-N-acetylglucosamine, an intermediate in the biosynthetic pathway of N-glycosylated glycoproteins. For both wild-type strain QM6aand the hypercellulolytic mutant RL-P37 (Sheir-Neiss & growth in the presence of tunicamycin, at concentrations which did not significantly inhibit cell growth (2.5-5.0pg/ml), had little effect on the yield or specific activity of the secreted cellulases (Table I) . However, examination of the apparent molecular weights of the secreted proteins by sodium dodecyl sulphate/gel electrophoresis indicated that most of the proteins showed an increase in electrophoretic mobility (i.e. decrease in Mr). When the proteins synthesized by both strains in the presence of tunicamycin were analysed by isoelectric focusing, the endoglucanases found in the pH 5 region of the gel showed a shift toward acidic PI and there was a decrease in the multiple bands in the very acidic cellobiohydrolase region. Staining of the proteins synthesized in the presence of tunicamycin with Schiff's reagent after isoelectric focusing showed that the extracellular proteins, especially the cellulases, still contained carbohydrate, although present in decreased intensity. This supports the amino acid sequence results that indicate that these enzymes contain additional carbohydrate which is not N-glycosidically bound to the protein.
When the extracellular proteins synthesized in the absence of tunicamycin were treated in vitro with endo H, an enzyme which specifically cleaves N-glycosidic linkages in glycoproteins, the apparent molecular weights of the enzymes, as determined by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, indicated that cleavage in r-itro mimicked the effects caused by tunicamycin in t'iiio. These results strongly indicate that T. reesei cellulases contain oligosaccharide chains N-glycosidically linked to the protein and that the mode of glycosylation closely resembles that of yeast and animal cells at least with respect to the effects of tunicamycin. These results on the physiological effects of tunicamycin support the elegant biochemical studies of Fagerstam et al. (1984) which have identified the three asparagine residues to which the carbohydrate is attached. Since growth in the presence of tunicamycin had little effect on total extracellular protein synthesis, it can be concluded that N-glycosylation is not a prerequisite for secretion of these enzymes. In addition, since little or no loss of activity was observed after growth in the presence of the antibiotic, it would appear that Nglycosylation is not required for the enzymes to attain their proper secondary and tertiary conformation.
The stabilities of the endoglucanases synthesized and secreted in the presence or absence of tunicamycin were compared. We found that the underglycosylated enzymes were more sensitive to inactivation by both high temperature (60°C) and the proteolytic enzyme trypsin. This suggested that a major role of the N-linked carbohydrate may be to stabilize the structure of the cellulases and so to protect them from physical and enzymic attack after secret ion.
Role of' 0-glycosidic linkages in secretion
Fagerstam et al. (1984) have recently established that CBH I contains approx. 22 0-glycosidic linkages to serine and threonine residues. Our results with tunicamycin suggest that the other cellulolytic enzymes also contain 0-linked carbohydrate. The antimetabolite 2-deoxyglucose has been shown to be a general glycosylation inhibitor and should presumably block both N-and 0-linked glycosylation (Hubbard & Ivatt, 1981) . We have used this tool to study the role of 0-linked glycosylation in secretion of cellulase by two strains of T . reesei, QM6a and RL-P37. It should be noted that two of the most useful T. reesei mutants, Rut-C30 (Montenecourt & Eveleigh, 1979) and RL-P37 (Sheir-Neiss & Montenecourt, 1984) , were isolated by employing a 2-deoxyglucose screening method. Thus an insight into the effect of this antimetabolite on secretion may give us a handle on the changes which have occurred in the regulatory controls which allow these mutants to overproduce the cellulase enzymes. Although RL-P37 can form colonies on solid medium in the presence of 2-deoxyglucose. neither strain would grow in liquid culture in its presence (2.5mg/ml). Secretion of active cellulase by wild-type QM6a was substantially reduced in the presence of 2-deoxyglucose while RL-P37 appeared to be less affected (Table 2) . Examination of the secreted proteins by Schiff's staining after isoelectric focusing showed that the proteins that were secreted by QM6a lacked carbohydrate and no activity toward acid-swollen cellulose or carboxymethylcellulose could be detected in the gels. The mutant strain RL-P37, on the other hand, synthesized demonstrable levels of extracellular proteins, many of which were glycosylated, and activity toward acid-swollen cellulose and carboxymethylcellulose was retained although some of the endoglucanase bands were missing. Neither strain appeared to be able to metabolize 2-deoxyglucose, which suggests that the resistance of RL-P37 to the drug is not via a detoxication mechanism. These results imply that 0-glycosylation may be required for both secretion and activity of the Trichoderma cellulase and that the mutant RL-P37 may have acquired a mutation in the genes involved in glycosylation.
Efliicts oj' short-chain alcohol.^ on secretion The effects of membrane-perturbing agents, especially short-chain alcohols. on prokaryotic and eukaryotic cells have been recently reviewed (Ingram & Buttke, 1984) . Furthermore, ethanol has been shown to inhibit the secretion of proteins in at least one animal cell system (Schwarz & Datema, 1982) . In an effort to determine the effect of these membrane perturbers on secretion of the cellulase enzymes, we have grown the wild-type T . reesei QM6a and the hypersecretory mutant RL-P37 in the presence of ethanol ( I %, v/v) and phenylethanol(0. I :<, v/v).
At these concentrations growth was only slightly inhibited. Growth in the presence of ethanol had no effect on the secretion of extracellular proteins by the wild type. However, the mutant strain RL-P37, which normally secretes approx. five times the extracellular protein secreted by QM6a. was indistinguishable from the wild type in the presence of ethanol (Table 3) . A somewhat similar reduction in secretion was caused by phenylethanol. Since glycosyltransfcrases are membrane-bound enzymes, it is possible that the membrane-perturbing agents may be interfering with glycosylation. We have examined the secreted proteins synthesized in the presence of these shortchain alcohols and found that their electrophoretic mobilities in sodium dodecyl sulphate/polyacrylamide gels are not noticably altered. However, some shifts were noted in the pl values of both the cellobiohydrolases and the endoglucanase. In the case of the hypersecretory mutant, we observed an increase in the intensity of a band with a molecular mass of approx. 116000 daltons which is not visible in the controls. Enzymic analyses suggest that this may be cellobiase which has been released from its cell-bound location. We are currently attempting to determine whether the reduction in the level of secreted proteins exhibited by the mutant is due to inhibition of protein synthesis or blockage of processing or transport of the proteins at some stage of the secretory process.
In summary, we are pursuing a combined genetic and biochemical approach to the study of the regulation of the synthesis and secretion of cellulases by T. reesei. A clear understanding of the sequence of events involved in the secretory pathway should allow identification of the ratelimiting step and lead to the selection of more efficient mutants. Cellulose is an abundant renewable resource that can be efficiently hydrolysed to glucose by microbial enzymes. This suggests many attractive possibilities based either on removal of the cellulose or utilization of the glucose (Table  1) . Removal of cell walls or crude fibre can release valuable components (flavours, polysaccharides, enzymes, other proteins) from plant cells; improve the nutritional value of press cakes and other high-fibre feeds; or release plant protoplasts for genetic research and development with higher plants. The glucose, which retains the chemical energy of the cellulose, is a simple, soluble, stable molecule, easily separated from the digest, and more readily usable for human or animal food or for production of chemicals. Since cellulose is a major component of residential, industrial, or agricultural waste, a process substrate might be inexpensive, and pollution abatement a fringe benefit. In the past 10 years, there has been generous support for production of fuel alcohol from cellulose (Table 2) . This has attracted able researchers who have made many significant process advances in enzyme production, pretreatments, evaluation of substrates, and utilization of the products. Despite this, only small-scale and research applications of cellulases exist today, and no significant commercial process utilizing cellulase has yet been launched. This is very frustrating because cellulose is the only renewable resource available in sufficient quantity to support large-scale industrial processes. Increasing utilization of starch (or sucrose) much beyond the present levels would create too many problems of rising food prices, reduced grain exports and soil erosion, as marginal land is brought under cultivation. Furthermore, because petroleum is consumed in producing pesticides, fertilizers and farm equipment, and in growing and processing grain, the net reduction in petroleum usage when grain is converted to ethanol is disappointing. Lignin is the only other abundant renewable carbon compound, but so far no one has proposed a method for producing useful, stable intermediates from lignin.
The problem is, of course, economics, and specifically the high cost of the enzyme. It is not that cellulase is unduly expensive per kilogram. For Trichoderma reesei, advances in strain improvement and fermentation development permit us to produce titres of over 20g of cellulase protein/l and to achieve production of over 200mg of extracellular enzyme protein/l per h. On this basis we should have a process comparable with the glucose-from-starch process. Unfortunately, the specific activity of cellulase is very low on insoluble cellulose, only 0.6-0.7 filter paper cellulase units/mg of protein. Glucoamylase has a specific activity 
